We present experimental results and numerical Finite Element analysis to describe surface swelling due to the creation of buried graphite-like inclusions in diamond substrates subjected to MeV ion 
Introduction
Diamond is a material of great interest for its extreme physical and chemical properties: high hardness and Young modulus, wide transparency band, chemical inertness, full bio-compatibility, etc. The implantation of high energy (MeV) ions allows the fabrication and functionalization of this material, because of its peculiar characteristic of converting the pristine crystal to significantly different structural phases (graphite, amorphous and glassy carbon) when its lattice structure is critically damaged. The strongly non-uniform damage profile of MeV ions allows the direct creation of specific regions of the material with different physical properties (i.e. electrical conductivity [1; 2] , refractive index [3; 4] , etc.) or different reactivity to subsequent processing (i.e. selective chemical etching of sacrificial layers with respect to the chemically inert diamond matrix) [5] . All of this can be exploited to fabricate a range of micro-devices, ranging from bio-sensors to micro-electromechanical systems (MEMS) and optical devices [6] .
Although the role of implantation fluence has been investigated in several works [7; 8; 9; 10; 11] some uncertainty remains on the structural modifications occurring in diamond as a function of other relevant parameters, namely the impinging ion type, energy, implantation temperature, annealing temperature, local stress, etc [12] . With regards to ion fluence, a critical damage level D C has been identified in the literature above which diamond is subject to permanent amorphization and subsequent graphitization upon thermal annealing, but this value seems to depend on the depth of the damaged layer, although no specific dependence has been established [9; 13; 14; 15] .
One relevant consequence of the structural modifications due to ion implantation is a density variation in the damaged diamond, i.e. a constrained volume expansion which leads to surface swelling in correspondence with the irradiated region [7; 8; 9; 10; 11] . This mechanical effect can be exploited to deduce information regarding the structural modifications occurring in the substrate.
In the present work, we compare theoretically predicted swelling values, obtained by adopting a simple phenomenological model that uses the critical damage level as a parameter, to the experimentally measured values. The analysis is carried out using Finite Element Model (FEM) simulations, in order to correctly take into account the complex stress state and the related deformations.
The paper is structured as follows: in Section 2, the model for surface swelling is outlined; in Section 3 the experimental procedure and the relevant results are described; in Section 4 the FEM calculations are presented and a comparison between experimental and numerical data is given.
2.
Surface swelling in ion-implanted diamond A simple phenomenological model was developed that correctly describes the density variation in It is expected that the formation of vacancies and interstitials leads to an amorphization of the material, i.e. a transition from the density of diamond ( d = 3.515 g cm -3 ) to that of amorphous carbon ( aC 1.557 g cm -3 ) [17] . The greater the damage density, the smaller the density of the damaged diamond should become, with saturation towards the lower bound value of aC . As mentioned above, this saturation is not predicted by SRIM Monte Carlo code, in which the interaction of each single ion with the pristine crystalline structure is simulated and no cumulative damage effects are taken into account. The saturation effect can be derived from the assumption that the recombination probability for a vacancy in a damage cascade is proportional to the vacancy density V itself:
where parameter expresses the critical vacancy density at which all additional vacancies recombine with existing interstitial atoms in the damaged material. We can therefore write the differential increment in vacancy density d V due to an increment in fluence dF for an ion implantation characterized by damage profile (z):
By integrating eq. (1) with the boundary condition 0
, we obtain the expression of the induced vacancy density at a given depth for a given implantation fluence, which takes into account the above-mentioned saturation effect:
From eq. (2) we infer that the vacancy density asymptotically approaches the critical density , which is therefore bound to be smaller than the atomic density of the pristine diamond structure d . It is worth stressing that defines the slope of the exponential growth of the vacancy density towards the saturation value.
We further generalize the model in [18] by assuming that the density of the damaged material is determined by the vacancy density by:
where the empirical parameter is adopted in a simple linear model to quantify the effect of the induced vacancy density on the density of the damaged material. By applying the boundary condition that sets the saturation density of the damaged material to the density of amorphous carbon aC , we obtain aC d
, hence the relation:
In our model, the contribution to the material density due to the accommodation of implanted ions is neglected. Such an assumption is acceptable in the case of light ions such as those used in this work (H and He).
The parameter is reminiscent of the critical damage level D C [14] , except that it is relative to samples before annealing: following from this analogy, when the implantation fluence is high enough (i.e. z F ), the damaged material is envisaged to be subjected to a permanent amorphization process. will be considered as a free parameter in the following simulations, and will be evaluated for any ion type and energy, by fitting the numerical evaluation of swelling with the experimental values as function of different implantation fluences.
The expected density variation as a function of depth z and fluence F is shown Fig. 1b 
Experimental

Samples
Ion implantation was performed on various artificial single crystal diamonds that were produced with concentrations, the sample can be reasonably expected to display the same mechanical properties, consisting in both cases in high-quality single-crystals.
Ion implantation
In order to study the damage-induced swelling process in different experimental conditions, the samples were implanted in a broad range of fluences with different ions species and energies. 1. In both cases, the samples were implanted in frontal geometry on their polished surfaces. In order to achieve a uniform fluence delivery in the implantation process, 125×125 m 2 square areas were implanted by raster scanning an ion beam with size of 20-30 m. In the former case, the implantation fluence was controlled in real time by monitoring the x-ray yield from a thin metal layer evaporated on the sample surface, while in the latter case the x-ray emission from the beam exit window was employed, after a suitable calibration with a Faraday Cup [19] . The implantations were performed at room temperature, with ion currents of 1 nA. In these conditions, implantations in the fluence ranges of 10 15 -10 17 cm -2 could be performed in times varying from few minutes to 1 hour.
Profilometry measurements
Surface swelling data were acquired at the Interferometry laboratories of the Istituto Nazionale di 
Numerical results
FEM simulations are performed by imposing a constrained isotropic volume expansion in the damaged diamond substrate, which is proportional to the local density variation, as evaluated in the above-mentioned model. This procedure is similar to imposing a thermal expansion, with the local infinitesimal volume variation playing the role of the thermal expansion coefficient.
Finite element model
Simulations were carried out using the commercial software COMSOL Multiphysics, using the Structural mechanics module [20] . Specimen geometry is reproduced and meshed both in 2-D and 
Comparison with experimental data
Numerical FEM simulations were carried out for the 3 cases considered, varying the parameter to Fig. 4b and 4c, respectively, the trend is linear, indicating that damage densities are well below saturation.
Simulations also produce linear behaviours, and best fits are obtained for = 0.88·10 23 cm -3 (2 MeV) and = 1.65·10 23 cm -3 (3 MeV), respectively.
As mentioned above, can be regarded as an effective parameter expressing the resilience of the diamond structure to induced damage, i.e. lower values of indicate a more rapid variation of the material density when subjected to structural damage. Despite the relative simplicity of the above-described phenomenological model and the remaining uncertainty on the value of aC (which will be addressed in more details in future works), the value of exhibits a systematic variation as a This can be explained if it is considered that strong internal pressure fields arise in deeper implantations from the rigid diamond matrix surrounding the implanted regions, which could effectively increase the resilience of the structure to progressive amorphization and subsequent graphitization (in the case of post-implantation annealing treatment). Qualitative evidence of this mechanism has been identified in several works, such as [8] , while in the present work the mechanism is elucidated in quantitative terms, although by adopting a relatively simple model. In particular, it is worth stressing that in this study a constant value of was set in the FEM simulation of the effects of each single implantation, but the systematic variation of such parameter for implantation processes mechanical parameter that depends from the depth in the material, where different internal pressure fields are developed. Therefore, the different estimations of presented here are to be considered as effective values arising from average estimations through each implantation profile. 
Conclusions
Our modelling of surface swelling in ion-implanted diamond, carried out for the first time using FEM simulations, yields good accordance between experimental and numerical data. In particular, the systematic variation of empirical parameter for MeV ion implantation at increasing depth accounts for a phenomenon that was observed qualitatively in several previous reports [9; 13; 14; 15] , i.e. the progressive resilience of the diamond lattice to graphitization at increasing implantation depth.
The results reported in this paper prove that the FEM numerical analysis can significantly contribute to the quantitative interpretation of the structural damage mechanisms in ion-implanted diamond, and provides encouraging insight for further in-depth analysis and systematic studies at higher implantation fluences, where saturation of swelling values is achieved.
